In addition to a single curvature, some segments of the femoral artery of humans contain a distal curve in the opposite direction, forming a gentle "S" shape. Of specific interest herein is the effect of arterial curvature reversal on the shear stress and fluid particle motion near the wall and the relative change in the overall flow behavior in reverse curvature regions as compared to a straight lumen. The femoral artery is useful in isolating the effect of vessel curvature on hemodynamics and atherosclerotic lesion formation and growth because it has relatively few branches below the major profunda femoris branch and a relatively gradual curvature with small angular changes. Atherosclerotic lesions have been most commonly observed in the distal superficial femoral artery at the level of Hunter's canal.
Introduction
In addition to a single curvature, some segments of the femoral artery of humans contain a distal curve in the opposite direction, forming a gentle "S" shape. Of specific interest herein is the effect of arterial curvature reversal on the shear stress and fluid particle motion near the wall and the relative change in the overall flow behavior in reverse curvature regions as compared to a straight lumen. The femoral artery is useful in isolating the effect of vessel curvature on hemodynamics and atherosclerotic lesion formation and growth because it has relatively few branches below the major profunda femoris branch and a relatively gradual curvature with small angular changes. Atherosclerotic lesions have been most commonly observed in the distal superficial femoral artery at the level of Hunter's canal.
For medium-sized arteries, such as the femoral, Schultz (1972) and Smith (1976) have illustrated that the flow at peak systole resembles a Poiseuille velocity profile. Furthermore, the shear stress using the Poiseuille velocity profile has been found to be in the range of 13-19 dyne/cm 2 which is in accordance with the shear stress calculation at peak systole (Dewey, 1978; Zarinsetal., 1987) . The estimation of wall shear stress, obtained from laminar boundary layer theory for steady flow using a local similarity method, has shown good agree- ment with the Navier-Stokes values for pulsatile flow at the higher instantaneous flow rates (Back and Crawford, 1992) . Flow in the femoral artery of man is triphasic in nature with a strong forward, negative, and then forward flow pattern which is different from that of steady flow. Since few threedimensional solutions have been reported in the literature for reverse curves, the assumption of peak flow analysis is reasonable in light ofthe methods currently available. Considering the above factors, the present study has focused on the peak flow analysis which may provide insight on the flow field.
As has been described in the literature review by Back et al. (1988) , several investigators have found more lesions in the inner wall ofthe curved portions of arterial vessels. In a smooth reverse curvature model that conforms to the gentle "S" shape of a left femoral artery angiogram of a patient in a clinical trial, Back et al. (1988) have visualized flow and have measured wall pressure. They have suggested that lesion localization at the inner curvatures may be associated with secondary flows near the inner curvatures.
In the past, many authors have reported various numerical and experimental studies for a single bend as shown in the next section. Three-dimensional numerical results for a double curvature with reverse geometry having physiological significance are not yet documented in full. The objective of the current numerical investigation is to find the changes in pressure, shear stress, velocity profile, and particle path occurring in the double-curved arterial geometry as has been represented by Back et al. (1988) , thereby attempting to understand the genesis of site-specific lesion formation. In view of the complexity and limitation of space in representing a three-dimensional result for an entire pulse, only the peak flow is presented here.
Background
An early analysis of steady, laminar flow through a sinusoidally curved channel where the flow was two-dimensional had been carried out by Dean (1927) . Subsequently, other analyses were reported for three-dimensional laminar flows through circular pipes with variations of curvature (Murata et aI., 1976; Inaba and Murata, 1978; Rushmore and Taulbee, 1978; Pedley, 1980) though there were little experimental data available for flow through tubes with variable curvature regions, and particularly for those with reverse curvature. Low shear stress along the inner wall of a single-curved tube was reported by Choi et al. (1979) who used an electrochemical technique. Berger et al. (1983) reviewed flow in single curved pipes, including the entrance region, which indicated the complexity of fluid dynamics in regions where the radius of curvature was constant along the pipe. Solving the full-elliptic Navier-Stokes equations, Soh and Berger (1984) studied laminar entrance flow in a curved pipe. They found that separation and the magnitude of the secondary flow were greatly influenced by the curvature ratio. Ghia et al. (1987) numerically studied a fully developed incompressible flow in a square and polar cross-section curved duct for a Dean number up to 900 which corresponded to a Reynolds number of approximately 9000. Detailed velocity measurements for a 90 degree bend for a circular cross section were reported by Bovendeerd et al. (1987) . Laser doppler velocity measurements were obtained for a curvature ratio "wl,.c of 1/6, Reynolds number 700, and Dean number 286. Figure 1 shows a single plane angiogram of a portion of an "S" shaped human femoral artery (Back et aI., 1988) . This proximal vessel segment bends with an almost constant radius of curvature "eI = 14 em, and the distal segment bends in the opposite direction with a radius of curvature "c2 = 12 em in Hunter's canal where there is also some curvature normal to the plane of the angiogram which, however, is not known for this patient in the clinical trial. To acquire more definitive data on vessel configuration, it requires tomography which is beyond the scope of the trial. The length of the reverse curvature vessel shown is about 13 cm, and the vessel diameter is 6 -7 mm. The segment which is distal to the profunda femoris branch has some relatively small branches, and there is negligible vessel taper. In this case the inner curvatures have far more lesions, as evident by the X-ray shadow (Fig. 1) , than the outer curvatures, even though the curvature reverses. A three-dimensional mesh of the reverse curvature, shown in Fig. 2 , is generated to conform to the size and "S" shape of the human left femoral artery angiogram and has a planer geometry. 10,032 elements are used for mesh generation. Instead of radial and circumferential velocity components (u r and uq,) , transverse velocities (u and v) are presented along the x and y axes at the local cross-section (Fig. 2 for the x and y directions). The "S" shape geometry, identical to the flow model as has been used by Back et al. (1988) for their flow visualization study, is chosen because experimental data for a Newtonian fluid (i.e., 33 percent sugar-water solution with kinematic viscosity of 0.04 cm 2 Is) is available from the previous work. The inside diameter of the model is 0.631 em, and the radii of the first and second curvatures are "cl = 14.5 cm and "c2 = 11.6 cm, where the subscript 1 denotes the value in the first curved region and the subscript 2 the value in the second curved region. The subtended angles of the first and second curved regions are 8 1 = 26.5 deg and 8 2 = 26 deg. The cor- responding ratios of the model radius to the radius of curvature are r w /r cl = 0.0218 and rjr cl = 0.0272. In the current study, a physiological range of relatively lower and higher peak Reynolds numbers of 192 and 580 for resting femoral artery flow rates in man (Patel et al., 1965 and Flores et al., 1955) in Table 1 . These Dean numbers have been referred to in the literature (e.g., Berger et al., 1983 and Van Dyke, 1978) as being from relatively small to intermediate values for singlecurved tube flow. The use of the Dean number to characterize the flow is only descriptive since the flow field for vessels with curvature reversal depends on both the Reynolds number and r w /r c ratio.
Geometry and Flow Conditions
Nomenclature ---------- _ Pi Q ,.
Methods
This study deals with the time-independent solution of an incompressible, Newtonian fluid for the selected geometry (Fig.  2) . The flow is confined by a rigid wall in a three-dimensional domain. Determination of multidimensional arterial flow through vessels which are viscoelastic and curved is beyond the scope of current computational capability. The flow is described by the conservation equations of fluid mass and momentum. A finite element technique (FEM) is used to solve the two conservation equations to obtain the velocity, pressure, and wall shear stress distributions.
where w, is the /th component of the velocity vector, p is the pressure, and ix is the viscosity. The present study has been conducted using a Cartesian coordinate system with the center of reference axis being located at the center of the tube inlet. Based on the center of curvature of each curve, local crosssectional planes are selected at desired angles, and subsequently, axial and transverse velocities are reported along the local x, y, and z directions. Axial velocities are normal to the local plane whereas transverse velocities are tangential to the local plane. In comparison to, the present study, Berger et al. (1983) used a Toroidal coordinate system where the location of the reference axis was at a distance equivalent to the radius of the curvature from the center of a curved tube. The Galerkin formulation using eight nodal brick elements is applied herein to discretize the above continuity and momentum equations, which results in a set of nonlinear algebraic equations of the form
where K(v) is the global system matrix developed from the momentum balance, v is the velocity unknown, and F is the forcing function (including body forces and boundary conditions). The stress vector s, at a point on the boundary of a fluid element is defined by
For a known element and the solution field, the stress component S/ on the boundary at the Gaussian integration points are evaluated. Subsequently, the normal and tangential components of stress vectors are obtained after applying appro- 
318/Vol. 115, AUGUST 1993
Transactions of the ASME priate transformations. Often the FEM is not directly applied to the system of equations but rather to a perturbed system of equations in which the continuity requirement is weakened by
-ep where e= 1 x 10" (7) For high aspect ratios of the elements, a small penalty parameter is recommended. Physically, this can be equated to simulating the flow having an insignificant compressibility effect. This approach has the advantage of eliminating one of the dependent variables p *, which is then recovered by postprocessing from the velocity field by P -Ui*,/e (8) Clearly, both the pressure and velocity fields are determined in the calculation method, as must be the case.
Given a particle at a position in the flow domain at time t, the position of the particle at time t + dt is calculated by the solution of the equation u, = dXi/dt (9) All computations for determining the particle path are performed at the elemental level equations using a second-order finite difference scheme. The result from the calculation of the position of the particle is used to generate numerical flow visualization. The matrix equation, representing a discrete analog of the original equations for an individual fluid element, is constructed and solved using the successive substitution method. In general, convergence is achieved after the eighth iteration. Considering the relatively long physiological entry length of the femoral artery, a fully developed flow is used as an inlet flow condition (Schultz, 1972 and Dewey 1978) . In the computer code the outflow boundary condition need not be specified at the exit since values are effectively determined by extrapolation similar to the finite difference schemes. The finite-element computer code FIDAP (1991) is used to formulate and solve this matrix equation. The IBM-3090 is used with TEMPLATE graphics for post-processing, and the results are down-loaded to an Apple-Macintosh II computer.
For validation of the numerical computation, three separate computer modeling runs with different convergence criteria (Table 2 ) have been performed which are as follows: both the relative velocity error with respect to a previous step and relative error in the residue compared to the initial value are set to be 2, 1, and 0.5 percent. Furthermore, the overall convergence is confirmed by increasing the total number of meshes by 20 percent from that of the previous run, and the two results are compared to check for accuracy. When the improvement with 20 percent more meshes is less than 1 percent in velocity vectors, wall shear stress, and pressure, the computation is considered accurate. In addition, experimental data and numerical prediction of the pressure drop are compared for accuracy. This verification is particularly important since the wall shear stress and pressure values can be sensitive to the mesh size near the wall. Numerical accuracy of shear stress and experimental validation of pressure data are presented in subsequent sections. The analysis of results is from the computation with the least CPU time.
Results
Velocity Profiles. Fluid motions in the reverse curvature femoral model are extremely complex since all three velocity components vary along the axial, radial, and circumferential directions. Figures 3,4 , and 10B show axial (w) and transverse velocities (v. in the plane of curvature, along which centrifugal forces act and u: normal to the plane of curvature and axial direction), respectively, at Re = 192, while Figs. 5, 6 , and 10A show axial (w) and transverse velocities (v and «), respectively, at Re = 580. In terms of relative magnitude, the variation in the transverse t>-component is 20 ~ 25 percent of the axial velocity component whereas it is 1 ~ 2 percent for the ^-component. direction in the first and second bends, respectively, and Figs. 3C and 3D shows the data along the y direction. The axial velocity along the x axis is symmetric in the first bend region as demonstrated in Fig. 3A . The magnitude of the core velocity decreases gradually as the flow advances (a-f) downstream in the first bend (arrow in Fig. 3A ). As the flow advances in the second bend region, the value of the core velocity further decreases (arrow in Fig. 3B ) even though the change in magnitude is insignificant. Near the end of the second bend region (i-j in Fig. 3B ) the magnitude of the core velocity reaches a minimum value of 18.7 cm/s, which is less than the Poiseuille flow value of 21.6 cm/s attained at the inlet straight segment of the artery. Leaving the second bend region the axial velocity component gradually recovers (arrow in Fig. 3B ) to 21.5 cm/s at location m which is equivalent to the inlet Poiseuille flow value. It is apparent from Fig. 3C that the axial flow is asymmetric in the plane of the curvature of the bend. A gradual shift of the axial velocity to the right side (arrow in Fig. 3C , a ~ f), toward the outer wall in the first bend, is observed as the flow advances into the first bend region. In Fig. 3D , as the fluid passes through the second bend region, the flow gradually shifts back to the center and to the left, i.e., to the outer wall of the second bend (arrow in Fig. 3D ). Along with this shift, the value of the axial velocity at the center (at y = 0.316 cm) also shows a downward shift before obtaining the gradual rise discussedeprlier in Fig. 3B . Following the curve j (out of the second bend) in Fig. 3D , the flow again begins shifting to the right and ultimately returns to the Poiseuille flow profile as the fluid flows through the straight outlet section.
Figures 4A-4D present the transverse y-component of velocity along the x and y axes in both the first and second bend regions. Figure 4A shows the symmetric behavior of the transverse velocity along the x direction in the first bend region. The y-component is negative as the flow enters the first bend, and it gradually becomes more negative as the flow advances in the first bend. This phenomenon can be categorized as an "early" bend effect whereas a double-spiraling, centrifugal effect is a "late" bend effect. The centrifugal effect of the first bend is not large enough to produce a positive value for the y-component, a phenomenon which may have indicated the existence of the double-spiral-secondary motion. The fact that the y-component is negative indicates that fluid particles entering the first bend are pushed toward the inner wall of the first bend, rendering the negative value of the y-component. A slight rise of the velocity at the center of each curve (arrows in Fig. 4A ) signifies that the fluid particles near the center begin to feel the centrifugal effect due to the curvature in the first bend and attempt to move from the inner to the outer wall. Due to the mild curvature of the artery, the momentum of the fluid particles is much larger than the centrifugal force, and therefore the double-spiral-secondary motion does not develop in the first bend region.
As flow enters into the second bend region, the transverse y-component velocity changes from a rather flat profile (curve f in Fig. 4A ) to a parabolic type profile (curves g and h in Fig.  4B ). However, as the fluid moves further down in the second bend the y-component velocity is still observed to be negative although its magnitude decreases. The overall reduction in the magnitude of negative y-component of velocity indicates the dominance of momentum effect, or, in other words, the existence of an early bend effect due to the reverse curvature. The reverse curvature not only retards the formation of doublespiral-secondary motion, but acts as a compensating factor for reducing the overall magnitude of the negative y-component of velocity which is created by the first bend. Approaching the end of the second bend (curve i in Fig. 4B ) the y-component has positive values in the vicinity of the wall, which is a definite sign of the development of the double-spiral-secondary motion owing to the centrifugal effect from the second bend. Figure 4C presents the transverse y-component velocity along the y direction in the first bend region. As fluid particles enter the first bend the fluid particles near the outer wall are the first ones being pushed to the inner wall, while those in the core experience less obstruction. Therefore the maximum velocity of the transverse y-component occurs not at the center ' but near the outer wall in the first bend. This finding suggests that throughout the first bend the centrifugal effect (i.e., pushing fluid to the outer wall) is much smaller than the force caused by the outer wall (i.e., pushing fluid to the inner wall). The magnitude of the maximum y-component velocity increases as fluid moves into the first bend. In order to maintain mass conservation, the increase in the y-component velocity is accompanied by a corresponding decrease in the w-component velocity in the first bend, as seen earlier in Figs. 3A and 3C. In Fig. 4D the transverse (v) velocities are shown at various locations of the second bend. In general the f-component velocity in the core is still negative, although there are decreases in magnitude, indicating that the fluid is pushed to the center by the outer wall of the second bend. This suggests the dominance of the momentum effect over the centrifugal effect caused by the second bend. As fluid leaves the second bend and enters the straight section, the ^-component velocity is gradually reduces and approaches zero at location k.
(b) Higher peak Reynolds Number Case (Re = 580).
The axial velocity distributions along the x direction in the first and second bend regions are presented in Figs. 5A and 5B, respectively, while those along the y direction are given in Figs. 5C and 5D. A highly disturbed axial velocity profile is obtained as fluid encounters either of the "S" shape bends.
In comparison to the Re = 192 case, the reduction of the axial core velocity along the x direction at Re = 580 is significant as the fluid advances (curves a-f) in the first bend. The axial velocity shown by curve f in Fig. 5A shows a significant dip at the center of the bend. The centrifugal effect due to the first bend is significant enough to shift the axial velocity to the outer wall, a phenomenon which can be seen by curve f in Fig. 5C , thus reducing the core axial velocity. Along the plane of symmetry the doubly peaked axial velocity profiles, as observed in the current study, are due to the centrifugal force which ultimately causes a double-spiral-secondary motion.
As the fluid enters the second bend, the axial velocity begins to shift to the left (i.e., to the outer wall of the second bend) as seen from curves g-j in Fig. 5D . Further down the straight section, the axial velocity shifts back toward the right, as seen from curves j-m. This shift explains the increase in the core axial velocity shown in Fig. 5B (curves g-i) and the subsequent decreases (curves i-k). The curve k, shown in Fig. 5D , represents the case in which the axial velocity is skewed to the far left due to the centrifugal effect. The core axial velocity begins to increase again (curves k-m, Fig. 5B ) as the axial velocity shifts back from the far left to the middle position (curves k-m, Fig. 5D ).
The transverse u-component velocity profiles at Re = 580 are shown in Figs. 6A-6D . The magnitude of the negative transverse velocity at the core is much smaller than that near the wall (i.e., arrow at curve f in Fig. 6A ), indicating the existence of a stronger centrifugal effect (in comparison to the lower Reynolds number case) caused by the first bend. Doublespiral-secondary motion due to the centrifugal effect in the first bend never occurs for Re = 580 because the fluid meets the second bend before a double-spiral-secondary motion develops. As the fluid enters the second bend, the overall decrease in the magnitude of the negative y-component velocity indicates a stronger momentum effect of the reverse curvature at the higher Reynolds number. The magnitude of the double-spiralsecondary motion is more intense (curves i-l, Fig. 6B ), and its inception is earlier as the Reynolds number increases.
Figures 6C and 6D present the transverse (v) velocities of the first and second bends plotted along the y direction in the plane of the curvature. The maximum transverse (v) velocity (in magnitude) and its gradient occur along the outer wall in the first bend and along the inner wall region in the beginning y=0.0 y= 0.631 Fig. 7 Representative three-dimensional transverse velocity (v-component) profile for curve j for Re = 580 of the second bend (i.e. curve e-h). The transverse (v) velocities at Re = 580 are more skewed to the right wall indicating a higher gradient of velocity for both the. first and second bends than the lower Reynolds number case, indicating the presence of a greater residual inertia effect of flow from the straight section at the higher Reynolds number. The inertia effect is balanced by the centrifugal effect at about d 2 = 15-20 degrees. After the second bend the transverse (v) velocity gradually diminishes and reaches zero at location m as seen in Figs. 6B and 6D . ' A representative three-dimensional fish-net plot for the transverse u-component velocity corresponding to the crosssection j (i.e., right after the end of the second bend) for Re = 580 is shown in Fig. 7 . The velocity profiles along the x and y axes are represented by dashed lines which may be compared with those given in Figs. 6B and 6D.
Shear Stress. To help understand the overall flow behavior in the reverse curvature arterial model, the wall shear stress data for Re = 580 are presented in Fig. 8 . Since wall shear stress results for Re = 192 have a similar trend, though different in magnitude in comparison to Re = 580, they are not reported. The top half of Fig. 8 shows the wall shear stress data from the left wall in the plane of the curvature, i.e., the inner wall in the first bend and the outer wall in the second bend. The bottom half presents the wall shear stress profile from the right wall, i.e., the outer wall in the first bend and the inner wall in the second bend. The wall shear stress calculated in the straight segment prior to entering the first bend, shown in Table 2 , indicates agreement within 0.4 percent with the analytical prediction (17.5 dyne/cm 2 at Re = 580) based on the Poiseuille flow given as dashed lines in Fig. 8 , thus confirming the validity of the current three-dimensional computation.
As the fluid moves into the first bend, the shear stress decreases along the inner wall from the Poiseuille flow value of 17.5 dyne/cm 2 to a plateau value of 11.5 dyne/cm 2 at Q x = 10 deg and remains unchanged until the fluid enters the second bend. The wall shear stress gradually increases along the outer wall from the Poiseuille flow value of 17.5 dyne/cm 2 to a maximum value of 39.6 dyne/cm 2 at the end of the first bend. The data from the first bend region clearly indicate that the outer wall in the first bend region experiences a much larger fig.) and right wall (bottom fig.) for Re = 580 322 / Vol. 115, AUGUST 1993 Transactions of the ASME shear stress than the inner one, which may be attributed to flow impingement at the outer wall of the first bend.
As the fluid moves into the second bend, the shear stress along the outer wall (i.e., left wall) gradually increases, reaching a value of 21.9 dyne/cm 2 at the end of the second bend. As the fluid continues to move into the straight section, the shear stress at the left wall continues to increase to a maximum value of 24.7 dyne/cm 2 before it begins to gradually decrease to the Poiseuille flow value shown as a dashed line. This increase may be attributed to the sharp axial velocity gradient at the outer wall of the straight section (curves j-k in Fig. 5D ). In this region the magnitude of the wall shear stress is much smaller than that of the first bend. Along the ,y-axis it is observed that the magnitude of the axial velocity gradient (Figs. 5C and 5D), a measure of shear stress, is smaller at the outer wall of the second bend than at the outer wall of the first bend. Along the inner wall in the second bend the wall shear stress decreases to a minimum value of 12 dyne/cm 2 and then begins to recover as the fluid enters the straight section.
Particle Paths. In order to produce flow visualization results numerically, massless particles are introduced at several points in the flow domain, and the particle paths are tracked and recorded. For a continuous particle path plot, these positions are connected by straight line segments between a prescribed time interval of 0.15 s. Figure 9 shows the particle path results obtained at Re = 580, where dye flow visualization results obtained by Back et al. (1988) are also given for comparison.
The top of Fig. 9 shows that the view direction for the numerical study is different from that for the experimental study (Back et al., 1988) . A massless particle injected at the outer wall in the plane of the curvature is indicated by arrow #1 in Fig. 9A . The particle path shown in Fig. 9A indicates that it moves radially into the core in the first bend region until it encounters the outer wall of the first bend (arrow #2). Then the particle moves back toward the outer wall of the second bend (arrow #3). The current numerical result given in Fig. 9A is qualitatively in agreement with the experimental dye flow visualization results shown in Fig. 9B .
When a particle is introduced from the inner wall side of the straight tube section (arrow #4, Fig. 9C ), the particle moves downstream along the inner curvature of the first bend. As it enters the second bend region, it moves significantly toward the inner wall of the second bend, showing consistency with the dye flow visualization observation (Fig. 9D) . However, the particles injected at x = 0.631 and 0 cm, normal to the plane of the curvature (arrows #5 and #6, Figs. 9E and 9F, respectively) , do not show radial movement.
Flow visualization results at Re = 192 are significantly different from those at Re = 580 (not shown here due to space limitation). When massless particles are injected at various locations of the flow field at Re = 192, the particles remain in the plane of the curvature and do not move circumferentially. This phenomenon is evident from the earlier results (Fig.  4B ) where a weak (in comparison to the case of Re = 580) double-spiral-secondary motion occurs only at location i, near the end of the second bend. Prior to this location, fluid particles move along the direction parallel to the plane of the curvature, rendering some mass switches between the axial and transverse velocities, and fulfilling the conservation law of mass. For Re = 192, the vortex formed due to the second bend is not intense and thus has not prolonged. The radial extent (distance moved across the flow in the plane of the curvature) of the particle (Figs. 10C and 10D ), indicating the actual direction of the flow. Figure 10A demonstrates that the flow at Re = 580 begins to split at the location g and attains a maximum peak value at location i. This numerical observation is shown in conjunction with the experimental finding reported earlier by Back et al. (1988) (arrow A, Fig. 9D ). After this location, the ucomponent velocity returns to zero at location 1, approximately three diameters from the end of the second bend. In contrast, the ^-component velocities at Re = 192 (Fig. 10B) , whose absolute values are smaller by one order of magnitude than those at Re = 580, do not show any splitting behavior. The trend of the M-component velocity for Re = 192 is opposite to what has been observed for Re = 580.
Pressure Drop. The dimensionless pressure drop (axial pressure difference, \p\-p{\ divided by the dynamic pressure at the inlet, 0.5,o>v 2 avg). along the double-curved vessel in the plane of the curvature, is calculated at Re = 580 and is shown in Fig. 11 . The pressures in the two straight sections (i.e., before the first bend and after the second bend) are found to decrease linearly. The overall pressure drop across the doublecurved vessel, when compared with the experimental data reported earlier by Back et al. (1988) , shows agreement within 7 percent. The dimensionless pressure drop between pressure taps (T) and (7) as shown in Fig. 9D , respectively, has been experimentally determined to be 2.63 (+ marks in Fig. 11 ) whereas a value of 2.52 is obtained numerically.
In the double-curved section, interesting results of local pressure changes have been observed. In the first bend, the pressure on the outer wall (right wall) is greater than on the inner wall (left wall). In the second bend, the pressure on the outer wall (left wall) is also greater than on the inner wall (right wall). When a flow in a curved tube is fully developed, the pressure at the inner wall is greater than that at the outer wall, resulting in the double-spiral-secondary motion, the centrifugal effect. For a developing flow in a single-curved tube, the outer wall experiences higher pressure in comparison to the inner one, clearly suggesting that for the developing flow region, as we have in the double-curved vessel, the pressure at the outer wall is greater than at the inner wall both in the first and second bends.
Discussion
The physiological flow field in an "S" shaped femoral artery having double curvature with reverse geometry depends not only on the Reynolds number, the lumen diameter, and the radius of curvature of the vessel, but also on the proximity of the reverse curvature with respect to the location of the first bend. For an in-vivo flow, the non-Newtonian viscosity of blood and the pulsatility of flow (not presented here) add complexity to the problem. Temporal and spatial variation of flow parameters along the inner and outer curvatures of bends during a cardiac pulse may provide additional details.
As shown in Fig. 12A , which is redrawn from velocity predictions in the current study, a secondary flow at the inlet region of the first bend is found to be directed completely toward the inner curvature, a phenomenon that can be categorized as an "early" bend effect, whereas double-spiral-secondary motion is a "late" bend effect. Flow in the first bend is of a "developing" type whereas the reverse curvature helps to compensate for the first bend effect by reducing the magnitude of negative y-component velocity, or in other words, by retarding the transverse flow which is directed toward the inner wall. Though a positive y-component of velocity is not observed for the reverse curvature, the decrease in magnitude of the negative y-component velocity is the early reverse curvature effect. For both Re = 192 and 580, the double-spiralsecondary motion is not observed in this "S" shape artery until the fluid reaches the end of the second bend.
In contrast, as shown in Fig. 12B which represents a hypothetical case, the early and late bend phenomena of both forward and reverse curvatures can be observed. In this case, the flow field of the first bend does not overlap the reverse curvature because both bends are not in close proximity to each other. In the current investigation (Fig. 12A) , the inertia and impingement effects prevail over centrifugal effects because of the close proximity of the reverse curvature, and due to very mild curvature ratios of both bends. It is evident that the reverse curvature not only neutralizes the early first bend effect, but does not allow the formation of a double-spiralsecondary motion.
A higher shear stress region, obtained in the present investigation, helps in scavenging the vessel endothelial cell walls of deposits and in increasing mass transfer of gaseous species such as oxygen (Back et al., 1977) . However, to the authors knowledge, no potential trauma to endothelial cells associated with moderately elevated shear stress has been reported. Conversely, the lower shear stress region found in the inner wall does not have this cleansing mechanism and may cause reduction in the mass transfer of oxygen (Back et al., 1977; Nerem and Levesque, 1987) and therefore, causes this region to become susceptible to the deposition of macromolecules, e.g., cholesterol, lipoproteins, and other lipid derivatives (Caro et al., 1969; Nerem and Levesque, 1987) , leading to the development of atherosclerosis.
Summary and Conclusions
In spite of the inherent difficulties associated with the presentation of three-dimensional flow field data, the current study attempted to show detailed axial and transverse velocity profiles at various locations in the first and second bends, in addition to showing the wall shear stress and pressure distributions along the inner and outer walls in the plane of the curvature. Flow visualization results were numerically obtained by following the path of massless particles introduced at several locations upstream and were compared with those experimental observations reported earlier by Back et al. (1988) . The highlights of the current numerical study are summarized as follows:
1. Both at Re = 192 and 580, the double-spiral-secondary motion did not occur in this "S" shape arterial model until the fluid reached the end of the second bend. A secondary flow at the inlet region of the first bend was found to be directed completely towards the inner curvature, a phenomenon that could be categorized as an early bend effect whereas doublespiral-secondary motion was a late bend effect. In the current investigation, due to the very mild curvature ratios for the first and second bends and the close proximity of reverse curvature, the inertia and impingement effects prevailed over the centrifugal effect.
2. The highest wall shear stress occurred at the outer wall of the first bend, being 39.6 dyne/cm 2 at Re = 580, which was much greater than the corresponding Poiseuille flow value of 17.5 dyne/cm 2 . Another somewhat higher shear stress region of 24.7 dyne/cm 2 was created at the outer wall of the straight section right after the second bend. In contrast, the shear stress decreased along the inner wall of the first bend from 17.5 dyne/cm 2 to a plateau value of 11.5 dyne/cm 2 and remained unchanged until the fluid entered the second bend. Along the inner wall of the second bend, the wall shear stress decreased gradually almost to a minimum value of 12 dyne/cm 2 at the end of the second bend and began to recover as the fluid entered the straight section. The site-specific lesion formation observed mostly in the inner curvatures of the " S" shaped femoral artery (Fig. 1) was associated with the lower shear regions.
3. The pressures at the outer walls of both the first and second bends were greater than those at the inner walls, a phenomenon caused by the developing flow in a curved tube.
This study was limited and did not explore the flow for an entire cardiac pulse. However, the simulation of a peak systolic flow could be considered adequate to represent the complicated three-dimensional flow motion in the reverse curvature geometry-a site which was prone to develop lesions. An analysis for a full cardiac cycle could provide additional detail and would have shown the variation of flow parameters with time, but the overall trend of the flow should remain unaltered. The detailed three-dimensional study presented here could be useful in the future for an in-depth analysis of flow for a complete cardiac cycle. In continuation to the present work, Part II of this paper will present the pulsatile flow simulation for an entire femoral pulse cycle with the non-Newtonian viscosity of blood.
